We present recent development of simulation tools to study dark matter at colliders as well as for astrophysical and cosmological observables in the FEYNRULES/MADGRAPH5_AMC@NLO framework. We show some results for simplified dark matter models with s-channel spin-1 mediators as an example.
Introduction
Various cosmological and astrophysical observations provide strong hints for the existence of the dark side of the Universe, e.g. dark matter (DM). DM cannot be described in the standard model (SM) of particle physics and so far very little is known about the nature of DM. Therefore, in order to detect it and measure its properties, various types of DM searches have been in progress;
• Direct detection: underground nuclear recoil experiments aimed at detecting galactic DM scattering off atomic nuclei;
• Indirect detection: searches for DM annihilation in the galaxy or nearby dense sources via measurements of, e.g. gamma-rays and neutrinos;
• Collider experiments: searches in channels with large missing transverse energy (MET).
For broad and systematic DM searches at the LHC, the LHC Dark Matter Working Group (LHC DM WG) [1] was formed recently, based on the previous ATLAS-CMS Dark Matter Forum [2] , and proposed the simplified DM model framework for early LHC Run-2. One of the benchmark models is a model with s-channel mediators, where DM is assumed to be a single massive particle which interacts with the SM particles via an s-channel new boson.
Following the above recommendation, we recently illustrated the feasibility of having a fully general implementation of s-channel simplified DM models in the FEYNRULES [3, 4] /MADGRAPH5 _AMC@NLO [5] (MG5AMC henceforth) framework [6] , together with articles focusing on the loop-induced processes [7] and the mono-Z final state [8] . We showed how predictions and event generation both for the spin-0 and spin-1 mediator scenarios can be achieved at next-to-leading order (NLO) QCD accuracy in a fully automatic way for a wide set of observable/final states. In this proceedings we briefly report the spin-1 mediator case, while one can find the more details and the spin-0 case in [6] . A comprehensive study for the spin-0 mediator was also presented recently in [9] .
Simplified dark matter models with s-channel spin-1 mediators
In the framework of s-channel simplified models, the interaction Lagrangian of a spin-1 mediator (Y 1 ) with a Dirac fermion DM (X) is given by
and with quarks by 
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The pure vector and pure axial-vector mediator scenarios are given by setting the parameters in the Lagrangians (2.1) and (2.2) to 6) respectively, where we assume quark couplings to the mediator to be flavour universal and set all flavour off-diagonal couplings to zero. With this simplification of a single universal coupling for the SM-Y 1 interactions, the model has only four independent parameters, i.e. two couplings and two masses:
We note that the mediator width is calculated from the above parameters, and automatically computed by using the MADWIDTH module [11] in our framework. Finding a signal of DM in this parameter space (or to constrain these parameters) is the primary goal of the DM searches at the LHC Run-2 [2] , and the most important signature in this model is a jet plus MET. The di-jet final state via the Y 1 Drell-Yan process can be an important complementary channel, i.e. resonance searches without MET.
Dark matter production with jets
In this section, we present the impact of the NLO-QCD corrections on DM pair production with jets, i.e., pp → XX + j( j) .
(3.1)
In MG5AMC the code and events for the above process can be automatically generated by issuing the following commands:
We have checked that our model can reproduce the SM predictions for pp → Z j( j) → τ + τ − j( j) by adjusting the corresponding coupling and mass parameters.
To illustrate the effect of the higher-order corrections, we consider pure vector, Eqs. (2.3) and (2.4), or pure axial-vector, Eqs. (2.5) and (2.6), couplings with a simplified flavour structure. We take
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Dark matter study from Lagrangian to data Kentarou Mawatari In Table 1 we present LO and NLO cross sections for pp → XX + j at the center-of-mass energy √ s = 13 TeV. The central value µ 0 for the renormalisation (µ R ) and factorisation (µ F ) scales is set to H T /2, where H T is the sum of the transverse momenta of all jets in the event and the missing transverse energy. The scale uncertainty is estimated by varying the scales µ R and µ F , independently, by a factor two around µ 0 . We adopt the five-flavour scheme and the LO and NLO NNPDF2.3 set [12] . A graphical summary of the results is also shown in Fig. 2 .
The production rate strongly depends on the both masses as well as on the kinematic cuts, and varies by orders of magnitude in the parameter scan. On the other hand, the K factors, i.e. higher-order effects, are not so sensitive to the mass spectra. As expected, most of the results at NLO accuracy display significantly smaller scale uncertainties compared to the LO calculations. Figure 3 shows the MET distributions at LO and NLO for four benchmark points of the simplified model. The NLO effects in the distributions do not depend on the mass relation between the Table 1 : LO and NLO cross sections and corresponding K factors for DM pair production in association with a jet for the vector (top) and axial-vector (bottom) mediator scenario at the 13-TeV LHC, where 150 and 300 GeV MET cuts are imposed. The uncertainties represent the scale and PDF uncertainties in per cent, respectively. We show several benchmark model points for the mediator and DM masses with the coupling parameters (g X , g SM ) = (1, 0.25). 
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Astrophysical observables
Not only collider searches but also astrophysical and cosmological observables should be taken into account for having viable DM models, such as relic density and direct/indirect detection constraints. MADDM has recently been developed in the FEYNRULES/MG5AMC framework to compute DM relic abundance [13] and to perform calculations relevant to the direct detection of DM [14] . As an illustration, Fig. 4 shows numerical results of the relic density and the DM-proton elastic scattering cross section for s-channel simplified models. We find good agreement with the results from MICROMEGAS [15, 16] .
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